We used transmission and scanning electron microscopy in conjunction with immunogold labeling to study cell surface molecules for evidence of distribution-fu" relationship. Ascription of functional significance to surface distribution therefore requires preservation of cell morphology and maintenance of molecular expression and distribution through the multiple steps of cell preparation. These requirements prompted us to compare two methods for preparing leukocytes for analysis of surface molecule distribution: one method involved using low temperature to "stabilize" cell morphology and surface molecular organization through immunolabeling; the other involved fixation of the cells with dilute glutaraldehyde before their isolation and labeling. Binding of primary antibodies to several surface molecules, measured by flow cytometry, was comparable for cells pre-J Immunol 149:2765-2771 von Andrian UH, Hasslen SR, Nelson RD, Erlandsen SL, Butcher EC (1995) A central role for microvillous receptor presentation in leukocyte adhesion under flow. Cell 82:989-999 Williams AF, Gagnon J (1982) Neuronal cell THY-1 glycoprotein: homology with immunoglobulin. Science 216:696-703 Wu Y, Guo Y, Janeway CA Jr, Liu Y (1995) Signaling by a new anti-Thy 1 monoclonal antibody inhibits T cell proliferation and interferes with T-cell-mediated induction of costimulatory molecule €37.2. Cell Immunol 165:266-277
Introduction
Transmission and scanning electron microscopy have been used to define the spatial distributions of cell adhesion molecules (CAMs) on neutrophils and lymphocytes (Berlin et al., 1995; Hasslen et al., 1995; von Andrian et al., 1995; Burns and Doerschuk, 1994; Erlandsen et al., 1993; Picker et al., 1991) . Combining these mi- pared by the two methods. Cell morphology and molecular distributions, assessed by high-resolution field emission SEM, were likewise comparable. These results support the condusion that cell morphologies and CAM distributions previously reported were not &ected by exposure of the cells to low temperature through isolation and immunolabehg. Our additional observation that Thy4 is expressed on both nonprojecting and projecting membrane domains of mouse lymph node lymphocytes and rat thymocytes represents a third and new pattern of surfam molecule distribution. (1 Histochem Cytochem 44:lff 5-1 122, 19%) KEX W O W : Neutrophil; Lymphocyte; Thymocyte; Flow cytometry; High-resolution SEM; Immunocytochemistry; Aldehyde fixation; Thy-1 (CD49d); LSelectin (CD62L); p2-Integrin (CDllbICD18). croscopic techniques with immunogold labeling of the CAMs has produced evidence that the cell surface distributions of these molecules correlate with their known functions in leukocyte emigration. L-Selectin (CD62L) and the ad-integrin (a&, CD49d), which mediate rolling and initial binding of circulating leukocytes to vascular endothelium, were seen as clusters on the apical surface of ruffles or microvilli projecting from the cell surface (Berlin et al., 1995; von Andrian et al., 1995; Burns and Doerschuk, 1994) . In contrast, integrins a M f i 2 (CDllblCD18) and a~P2 (CDlla/ CD18), and the hyaluronic acid receptor (CD44), which mediate subsequent adherence interactions, were observed on the cell body (Berlin et al., 1995; Erlandsen et al., 1993; von Andrian et al., 1995) .
Key to such studies of cell topography are the preservation of cell morphology and maintenance of the expression and organiza-tion of cell surface molecules through the multiple steps of cell preparation. Preservation of the antigenicity of these molecules is also required to allow labeling with antibody. One might expect to achieve these goals by processing cells at low temperature, but several studies indicate otherwise. For example, cooling lymphocytes to 0-4°C has been reported to affect the number and form of microvilli (Loor and Hagg, 1975; Lin et al.. 1973) . and may cause a topological redistribution of histocompatibility antigens (Kourilsky et al., 1971) . Moreover, cooling and warming of neutrophils causes shedding of L-selectin and upregulation of CDlIb (Simon et al., 1992; Forsyth and Levinsky, 1990) . Therefore, alternative methods for this purpose are needed. Sodium azide has been used to control capping and internalization of gold-labeled antibody with variable results (de Harven et al., 1984; De Waele, 1984) . but fixation with aldehyde appears to be a more reliable method for stabilization and preservation of these qualities.
Fixation with glutaraldehyde has been found to prevent clustering and endocytosis of cell surface molecules labeled with antibody (de Harven et al., 1984) and to render leukocytes osmotically inactive to prevent shrinkage or expansion (De Waele. 1984; Schmid-Schonbein et al., 1980) . Fixation of leukocytes by addition of formaldehyde to whole blood has been used with advantage for analysis of leukocyte integrins by flow cytometry. Formal-dehyde prefixation did not affect leukocyte separation by density gradient separation or the expression of various surface antigens, while preventing the upregulation of integrin molecules and access of antibodies to intracellular antigens (Hamblin et al., 1992) . The utility of prefixation with glutaraldehyde has also been demonstrated for studies using TEM to view the spatial distributions of CD62L and CDl IbICDl8 on human neutrophils (Picker et al., 1991) . This study has therefore been designed to compare the spatial distributions of CAMS on leukocytes fixed with glutaraldehyde before isolation and staining, or after isolation and staining at low temperature. Flow cytometry has been used to compare the profiles of cells stained with fluorescent secondary antibodies, and highresolution field emission SEM and backscatter electron imaging have been used to view the immunogold-labeled cells (Erlandsen et al., 1993) .
Results obtained demonstrate that the antigenicity and surface distributions of CD62L. CDllb, and Thy-1 on human andlor murine leukocytes are comparable when the alternative cell preparation schemes described above are used. They also identify a unique distribution pattern for Thy-1 on murine lymph node lymphocytes and thymocytes, and establish that our prior descriptions of distributions of CD62L and CD1 lb on neutrophils were not influenced by processing the cells at low temperature before fixation. Isolation o f Leukocytes. Approval for obtaining human blood specimens by venipuncture was obtained from the Committee on the Use of Human Subjects in Research ar the University of Minnesota. Specimens of heparinized peripheral blood (10 Ulml) were immediately divided into rwo aliquots. One aliquot was set aside in ice until preliminary processing of the other was completed. The second aliquot was immediately added to 0.05% glutaraldehyde in PBS at a ratio of 1:4, mixed by inversion, allowed to stand ar room temperature (RT) for 10 min. and centrifuged ar 400 x g for 10 min. The supernatant was removed by aspiration. the cells were resuspended in 10 ml 5% newborn calf serum-PBS (PBS-NBCS), and incubated for an additional 10 min at RT to neutralize residual fixative. Both the fixed and unfixed specimens were then layered over Ficoll-Hypaque (sp. gr. 1.119 gldl). centrifuged at 4°C. 400 x g for 30 min. and processed to obtain the neutrophil subfraction (Ferrante and Thong, 1978) .
Approval for the use of mice and rats as sources of lymph node lymphocytes and rhymocytes was obtained from the Committees on Animal Studies at the Department of Veteran's Affairs, Palo Alto. CA, and University of Oxford, Oxford, UK. Mice (strain Balbk. 8-10 weeks old) were sacrificed by cervical dislocation; rats (strain AORTI". 8-10 weeks old) were sacrificed by CO2 and cervical dislocation. Peripheral lymph nodes excised from the mice were placed in either 4'C PBS or RT 0.05% glutaraldehyde-PBS. immediately teased. and the released cells incubated for an additional 10 min in the respective solutions. Both unfixed and fixed cells were then filtered through Nytex mesh and Centrifuged at 4'C. 400 x g for 10 min. After removal of the supernatant fluids. the unfixed cells were resuspended in 0.2% bovine serum albumin in PBS (PBS-BSA) and kept at 4°C; the fixed cells were resuspended in 5 % PBS-NBCS and kept at RT. Thymus glands excised from the rats were placed in 4°C PBS and cells released by teasing. After washing rhe thymocytes in cold pBS. the cells were resuspended in a d PBS or fixed with RT glutaraldehyde-PBS as described above. Labeling of Surface Antigens. Unfixed and fixed human, mouse, and rat leukocytes (106/100 pl) were incubated for 30 min at 4'C with primary antibodies at known saturating concentrations or with corresponding isotype control antibodies at comparable concentrations. The cells were then washed rwice with PBS-BSA, resuspended in 100 p1 of PBS-BSA, and split into two aliquots for further labeling. Human neutrophils were prepared for flow cytometric analysis and SEM using fluorescein-or gold-conjugated secondary antibody as previously described (Erlandsen et al.. 1993) . Mouse lymphocyres were prepared for flow cytometry by staining with goat antirat IgG-phycoerythrin (Tago; South San Francisco, CA) diluted 1:200 in PBS-BSA containing 2% normal mouse serum. Rat thymocytes were stained with rabbit anti-mouse IgG-fluorescein (Jackson Immunoresearch Laboratories: Bar Harbor, ME) for 30 min at 4%. For SEM. mouse lymphocytes and rat thymocytes were labeled with the respective secondary antibodies conjugared to 12-nm immunogold.
Flow Cytometry. Cells stained with fluorescent secondary antibody were analyzed using either a Coulter Profile or Becron-Dickinson FACScan instrument. using forward scatter vs side scatter to gate on the neutrophils. lymphocytes, or thymocytes. Histograms generated denote cell number on Lfnfixed Fixed
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ISMyplC the ordinate and relative fluorescence intensity in log scale on the abscissa. Ten thousand cells were assayed for each analysis.
Field Emission Scanning Electron Microscopy. Cells stained with immunogold were transferred to glass specimen carriers coated with 0.1% poly-L-lysine (Sigma; St Louis, MO) and incubated at 4°C for 5-10 min. The cells were then fixed overnight at RT with 3% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, containing 7.5% sucrose. Specimens were postfixed for 15-30 min in the same buffer containing 1% os04 (Fisher Scientific; Fair Lawn, NJ), followed by dehydration in an ascending alcohol series and critical point-drying with CO2 (Erlandsen et al., 1993) . After platinum sputter coating, the samples were examined at accelerating voltages of 3.0-4.0 keV in a Hitachi S-900 high-resolution field emission SEM with backscatter electron imaging using a modified YAG detector. Images were recorded on Polaroid Type 5 5 film.
Results and Discussion
In this investigation we have compared unfixed and fixed human and rodent leukocytes for the topographical distribution of cell surface molecules. This has been done generally to determine if distributions of these molecules can be affected by the conditions used to prepare the cells for microscopy, and specifically to determine if distributions previously described for two cell adhesion molecules on human neutrophils (Erlandsen et al., 1993) might have been affected by processing the cells at low temperature (Loor and Hagg, 1975; Lin et al., 1973) .
Leukocytes were isolated from human blood or mouse peripheral lymph nodes by two alternative protocols: half of the tissue was cooled immediately to 4°C and this temperature was maintained throughout the steps of cell isolation, immunolabeliog and fixation; the remaining tissue was fixed immediately in dilute glutaraldehyde at RT and this temperature was maintained throughout the subsequent preparative steps. Cells prepared by these methods will be referred to as "unfixed" and "fixed," respectively.
Human neutrophils typical of the majority of unfixed and fixed cells are shown in Figures 1A and 1B , respectively. Cells prepared by both methods exhibited the same nonpolarited shape and a comparable ruffled surface topography. Likewise, we observed no differences in cell shape or microvillous surface topography for unfixed and fixed mouse lymphocytes or rat thymocytes (note partial views represented by Figures 4, 5B, and 4, 5C ). It is not clear why we did not reproduce the effect of low temperature on leukocyte surface morphology described by others ( Loor and HQg, 1975; Lin et al., 1973) . We are familiar with the ability of cytochalasin B to cause a loss of microvilli from mouse L1.2 cell line lymphoid cells (von Andrian et al., 1995) , but we may have overlooked a small percentage of cells void of microprojections in our unfixed samples. Alternatively, subtle differences in processing may have been responsible for this apparent discrepancy.
To determine the influence of glutaraldehyde prefixation on the antigenicity of cell surface molecules, unfiied and fixed cells stained for CD62L (human neutrophils), CDllb (human neutrophils), Thy-1.2 (mouse lymph node lymphocytes), or Thy-1.1 (rat thymocytes) were compared by flow cytometric analysis. Histograms summarizing these results are presented in Figures 2-5, respectively. In each comparison, the fixed cells stained with specific or isotypic control antibody were more fluorescent than their unfixed counterparts. This greater fluorescence of the fixed cells could be interpreted to represent nonspecific binding of the primary and/or secondary antibody, but is more likely explained by the known autofluorescence characteristic of glutaraldehyde fixation (Shapiro, 1995) .
Ultrastructural examination of the unfixed leukocytes also revealed that the method of cell preparation did not affect the spatial distributions of any of the four surface molecules considered. CD62 was displayed on the apical surface of d e s projecting from the surface of unfixed and fixed human neutrophils ( Figure 2) . and CDllb was detected on the cell body of neutrophils processed by either protocol (Figure 3) . These results are consistent with previously published reports describing the spatial distributions of these molecules on human neutrophils (Burns and Doerschuk, 1994; Picker et al., 1991) , and are supportive of the biological principle that the roles of CAMS involved in leukocyte emigration are controlled in part by their presentation on the cell surface (von Andrian et al., 1995) .
Thy-1 was homogeneously distributed on both projecting and nonprojecting domains of mouse lymph node lymphocytes and rat thymocytes, also independent of the method of cell preparation (Figures 4 and 5) . Thy-1 is a glycosylphosphatidylinositol-anchored glycoprotein molecule and a member of the immunoglobulin superfamily (Williams and Gagnon, 1982) . Its function has not been defined, although a tole in a negative signalingpathway in T-lymphocyte activation has recently been proposed (Wu et al., 1995) . The functional significance of the distribution observed for Thy-1 is therefore not clear at this time. However, it is noteworthy that the distribution of Thy-1 on these lymphocytes represents a third and new variation on the spatial distributions of leukocyte surface molecules, which makes this molecule worthy of inclusion here. The high density of Thy-1 expression on the rat thymocytes was not a surprise, since these cells have been reported to express lo6 Thy1 molecules per cell, a value 10-15 times the number of CD62L molecules reported for human neutrophils (Simon et al., 1995) . An explanation for the somewhat lower density of Thy-1 expression on the mouse lymphocytes is not apparent from these studies. This difference could reflect the differences in the organ sources, states of activation or functional differentiation of the respective cells, or in the specificities of the respective anti-Thy-1 antibodies. We would instead emphasize the common distribution pattern observed for these homologous molecules on the two cells.
The antigenic properties of other cell surface molecules can vary in their sensitivity to dilute glutaraldehyde, but for studies of molecules unaffected by such treatment several advantages are gained by aldehyde prefixation. Immediate fixation may avoid or minimize artifactual changes in cell morphology and surface molecule distribution that can occur in response to cell activation during isolation and processing. Moreover, such fixation may also be useful to "freeze" cell morphology and surface molecule distribution in in vitro studies designed to define time-related changes in these features induced by an exogenous stimulus. These are important issues, because accumulating experience suggests that distribution of cell surface molecules can reflect their function and that mechanisms must exist to direct these molecules to specific membrane domains. Discovering these distribution-function correlations and the mechanisms that control surface molecule distribution now become new areas for discovery in studies of cell surface molecules that bind to other cells, matrix components, or soluble ligands. 
